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Experimental results of carbon nanotube 共CNT兲 reinforced copper composites 共Cu/CNT兲 have
shown that the resultant tensile strength of Cu/CNT composite is CNT diameter dependent, in a
form of parabolic relationship that the smaller the CNT diameters the greater the resultant strength
of the Cu/CNT composites. The largely increased strength of Cu/CNT composited is attributed to
the good CNT dispersion in both the electrolyte and in composite after electrochemical deposition,
as well as to the good interfacial bonding formed by the electrochemical deposition process. Smaller
CNT diameters result in greater total interfacial bonding area thus the greater resultant strength of
the composite. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3168520兴
Carbon nanofibers 共NFs兲 such as carbon nanotubes
共CNTs兲, including single walled CNT and multiwalled CNT
共MWCNT兲, are fibers with diameters range from 1 to about
100 nm and a large aspect ratio 共⬎1000兲. CNTs have been
regarded as the stiffest and strongest material ever developed, mainly owing to their perfect atomic arrangement and
intrinsic strong in-plane sp2 − sp2 covalent bonds between
carbon atoms.1–9 For example, the Young’s modulus is about
1.0–1.8 TPa and the ultimate tensile strength is about 30–200
GPa, together with an elongation at break of about
10%–30%.2–8 In addition, CNTs are chemically stable and
have remarkable properties in electrical and thermal
conduction.9 All these attributes make CNTs ideal candidates
as reinforcement fillers to develop advanced nanocomposites. So far various efforts have been made to develop
nanotube/NF reinforced composites with different matrices.
For example, many studies have been done to develop polymer based composites by using PMMA10,11 and epoxy
resins,12–14 in addition to CNTs reinforced ceramic
composites15,16 and metallic composites.17–19 Although CNTs
with different diameters are used in these composites, no
results have been reported about CNT diameter effects on the
resultant strength of composites. Therefore, it is important to
understand issues regarding CNTs’ diameter on resultant
strength of composites. In this article, CNTs with different
diameters were added into copper matrix to form CNT/Cu
nanocomposites by electrochemical codeposition developed
by authors’ group.20–22 Resultant tensile strength was mea-

TABLE I. CNTs used in the experiments.

DWNT
MWNT
MWNT
MWNT
MWNT

OD

Length

Source

1.5–3.0 nm
⬍8 nm
8–15 nm
20–30 nm
30–50 nm

⬃2 m
10– 30 m
10– 50 m
10– 30 m
10– 20 m

Carbon Nanotechnologies Inc.
Cheap Tubes Inc.
Cheap Tubes Inc.
Cheap Tubes Inc.
Cheap Tubes Inc.

sured, which shows good relationship between CNT diameter and the resultant strength.
Purified MWCNTs were obtained commercially and
CNTs with different diameters are shown as in Table I. Figure 1 shows transmission electron microscopy 共TEM兲 images
of MWCNTs that verify the diameter range and the length.
The surface morphology of these nanotubes shows some
damages on the outmost layer but there are no obvious differences among them. The received CNTs were treated similarly as20–22 shown in Table II. Same amount 共150 mg/l兲 of
different CNTs was added to the copper electrolyte for comparison purpose. Pulse-reverse electrochemical deposition
was carried out by using square pulse waveforms. A forward
共deposition兲 of 5 ms and then a reverse time of 1 ms was
applied for trimming purpose. A peak current density of
20 mA/ cm2 was chosen for both forward and reverse waveform. For comparison purposes, pure copper was deposited
under the same condition.
Dog-bone shaped microsamples were prepared by using
the standard UV-LIGA process, as shown in Fig. 2. SU-8
共MicroChem Inc.兲 was used for fabricating micromolds for
the test samples. After evaporating a thin layer of copper
onto a silicon wafer as the seed layer, SU-8 molds were
fabricated on the wafer substrate by photolithography. The
thickness of SU-8 molds was controlled at about 50 m.
The codeposition of copper and CNTs were realized into
SU-8 molds by using the pulse-reverse electrochemical
deposition in the electrolyte bath 共Table II兲. After deposition,
SU-8 molds were removed by using SU-8 remover and test
samples were received after separating from the substrate.
The samples used in the present study were about
40 m thick and 400 m in width and the gauge 共L, Fig. 2兲
is 4 mm. The sample’s actual thickness was determined by
using scanning electron microscopy 共SEM兲. Uniaxial tensile
20μm
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FIG. 1. TEM results of MWNTs 共a兲 CNT ⬍8 nm, 共b兲 CNT 8–15 nm, 共c兲
CNT 20–30 nm, and 共d兲 CNT 30–50 nm.
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TABLE II. Composition of the electrolyte for electrochemical deposition.
Copper sulfate

Sulfuric acid 共98%兲

Hydrochloric acid

CNTs

150 g/l

100 ml/l

0.13 ml/l

150 mg/l

tests were performed on a MTS Tytron 250 Microforce Testing System and a force loading rate of 50 mN/s was used
during the test. At least five samples of each group 共pure Cu
and Cu/CNT composites with different diameters兲 were
tested. After test, both SEM 共JOEL 6400F兲 and TEM were
used to study the as deposited and the fractured surface morphology as well as texture of samples.
Figure 3 shows SEM images of surface morphologies of
the as-deposited pure copper 关Fig. 3共a兲兴 and Cu/CNTs composites 关Figs. 3共b兲–3共f兲兴. The surface morphology of the pure
copper is smoother than that of the Cu/CNT composites fabricated with different diameters. For Cu/CNT composites,
dispersed bulges can be seen on surfaces. It indicates that the
addition of CNTs into copper introduces additional nucleation sites that cause the rougher surfaces. It shows also that
when the outer diameters 共ODs兲 of CNTs increases, the resultant surface roughness of Cu/CNT composites increases
too 关Figs. 3共b兲–3共f兲兴.
Figure 4共a兲 shows typical results of tensile stress-strain
responses of the fabricated pure Cu and Cu/CNT composites
with different CNT diameters. The ultimate strength of pure
copper is about 230 MPa, which is the similar as published
data.21 When CNTs with diameter of 30–50 nm was added to
form Cu/CNT composite, the resultant tensile strength is increased to about 350 MPa, or about 52% greater than that of
pure copper in tensile strength. Under the same condition, if
the same CNTs smaller diameters 共20–30 nm兲 were used, the
resultant tensile strength is increased to about 400 MPa, or
about 74% greater than that of pure copper. When CNT diameter of ⬍8 nm was used, the resultant tensile strength is
increased to about 500 MPa, or about 117% higher than that
of pure copper. Similarly, if Cu/CNT nanocomposite was
fabricated with diameter of 1.5–3 nm the resultant tensile
strength is increased to about 670 MPa 关Cu/DWNT, Fig.
4共a兲兴. This value is about 191% greater than that of pure
copper or almost about three times of that of the pure copper
fabricated under the same condition. These data show that
the smaller the CNT diameters, the greater tensile strength
will be resulted 关thicker line, Fig. 4共b兲兴. However, Cu/CNT
composites with larger CNT diameters produce greater duc-
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FIG. 3. SEM images of the 共a兲 deposited pure copper and Cu/CNT composite samples 共after using alcohol to reveal grain boundaries兲 with different
CNT diameters: 共b兲 CNT 1.5–3 nm, 共c兲 CNT ⬍8 nm, 共d兲 CNT 8–15 nm, 共e兲
CNT 20–30 nm, and 共f兲 CNT 30–50 nm.

tility than that of CNTs with smaller diameter 共Fig. 4兲.
In order to understand if other effects such as grain size
and density are issues to the resultant strength, during this
study following characterizations were made. First, alcohol
was used as etchant to reveal grain boundaries on the composites’ surfaces 共Fig. 3兲. SEM results show that the grain
size of all composites are similar, in a range of 2 – 5 m.
This makes sense since copper’s grain size is dependent on
the deposition condition including the electrolyte composition, the deposition temperature, and the current density used
for deposition. Since these conditions were all kept the same
during the deposition of composites, the resultant grain size
should be similar. For example, the grain size and of smallest
CNT 关1.5–3 nm, Fig. 3共b兲兴 used and the largest CNT 关Fig.
3共f兲兴 used are similar but the resultant strengths are about
two times different. Therefore, effects of grain size on the
resultant strength among all composites tested are considered
negligible. As for the density effects, since a deliberated
purse-reverse deposition waveform was developed to trim
the front surface that as Fig. 3 shows that the as deposited
composites are dense. Therefore, no dependence of resultant
strength on density can be identified.
SEM images of fractured morphologies are shown in
Fig. 5. It indicates that for pure copper 关Fig. 5共a兲兴, the fractured surface is relatively flat. However, the fractured surface
of Cu/CNT composite 关Fig. 5共b兲兴 shows textured feature. A
TEM images is shown in Fig. 5共c兲 that individual CNTs are
clearly seen trapped in the copper matrix. Figure 5共c兲 shows
that CNTs are well dispersed and are still trapped in the Cu
matrix after the fracture test. No CNTs are pulled out from
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FIG. 2. 共Color online兲 Schematic flow chart of LIGA process and the shape of the tensile test sample.
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FIG. 4. 共Color online兲 共a兲 Tensile stress-strain curve of pure Cu and Cu/CNT composites with different diameters and 共b兲 averaged tensile strengths versus
CNT diameters of Cu/CNT composites.

the Cu. Therefore, good interfacial bonding between CNTs
and copper is formed,

2 =

A
dCNT

共1兲

,

where A is a constant. Experimental results of tensile
strength versus CNT diameters 关thicker line, Fig. 4共b兲兴 show
a parabolic relationship. If we assume this parabolic relationship as denoted in Eq. 共1兲, where  is the tensile strength,
dCNT stands for CNT’s diameter, and A is a constant that
needs to be determined. If tensile strength data of Cu/CNT
with diameter of 1.5–3 nm is used in Eq. 共1兲, the analytical
results tensile strength of Cu/CNT composites versus CNT
diameters, as denoted in Eq. 共1兲 can be plotted 关thinner line,
Fig. 4共b兲兴. Figure 4共b兲 indicates that the experimental results
agree well 共⬍5%兲 with the predications made by Eq. 共1兲.
The parabolic relationship between the resultant strength and
CNT diameters can be attributed to the interfaces between
CNT and the matrix. Smaller CNTs result in large total interfacial bonding areas if CNTs are well dispersed in the
matrix. Analytical results have shown that the resultant tensile strength of CNT reinforced nanocomposite has a parabolic relationship with the CNT diameter23 that is similar, as
shown in the Fig. 4共b兲.
Results of CNT/Cu composites reported in this article
have shown that the resultant tensile strength of Cu/CNT
composites is CNT diameter dependent. The smaller the
c
a

b
Extruded Cu
covered CNTs

FIG. 5. 共Color online兲 SEM images of fractured morphologies of 共a兲 pure
copper and 共b兲 Cu/CNT 共20–30 nm兲 composite. A TEM image of the fractured Cu/CNT 共c兲 shows trapped CNTs in Cu matrix.

CNT diameters, the greater the resultant strengths of Cu/
CNT composites will result. A parabolic relationship between CNT diameters and the resultant tensile strength has
been established, which has been verified by the experimental results. The tensile strength of Cu/CNT composite is as
high as 670 MPa, which is about three times greater of that
of pure copper. The largely increased strength is attributed to
the good CNT dispersion in the electrolyte and the good
CNT dispersion in Cu after deposition as well as to the good
interfacial bonding formed by the electrochemical deposition
process.
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